D
iffuse large B-cell lymphoma (DLBCL), despite being considered a single entity within the WHO classification of lymphoid tumors, 1 is a heterogeneous disease in terms of clinical presentation, histopathology, and outcome. As new treatments appear, there is increasing interest in identifying the patients in whom conventional approach is likely to fail. Risk stratification currently relies mainly on the International Prognostic Index (IPI). 2 This approach has proven useful in identifying high-risk patients who could benefit from consolidative high-dose therapy (HDT) after having reached a first remission. 3, 4 Among other parameters, expression of Bcl-2 can also predict outcome in DLBCL. 5, 6 Gene-expression profiling in DLBCL has brought an insight into the biological heterogeneity of the disease. Major subgroups were identified: germinal center B celllike (GC), activated B cell-like or non-GC (nGC), the former showing a better prognosis. 7, 8 Immunohistochemistry has been evaluated as a surrogate for this molecular classification. [9] [10] [11] [12] [13] [14] The phenotypic GC and nGC groups are defined by the expression of GC or post-GC stage markers. While using variable definitions, some 9, 11, 12 , but not all studies 10, 13, 14 found a better prognosis for phenotypically-defined GC cases. 18 Fluorodeoxyglucose positron emission tomography ( 18 FDG-PET) scanning performed after a few cycles of chemotherapy has been shown to predict treatment outcome. [15] [16] [17] [18] [19] [20] In our recently published series of 90 patients, 15 event-free and overall survival differed significantly between patients with a negative versus positive 18 FDG-PET after two cycles of chemotherapy, independently from the IPI score.
Both methods appear promising in order to establish optimal risk-based treatment strategies, but, to the best of our knowledge, they have never been compared within the same patient population. Our objective was to conduct such a comparison in order to determine which method performs better in the clinical setting. We retrospectively studied the expression of Bcl-2, CD10, Bcl-6 and MUM1 on biopsies from 81 consecutive patients with DLBCL who had been prospectively investigated with early 18 FDG-PET. We aimed at evaluating the prognostic impact of immunophenotype (phenotypic classification into GC and nGC groups and Bcl-2 expression), along with that of early 18 FDG-PET imaging.
Design and Methods

Selection of patients
We retrospectively performed immunohistochemical studies on available paraffin-embedded diagnostic material from 77 DLBCL patients who had been prospectively included between January 2000 and January 2004 in our previous 18 FDG-PET study. 15 Four additional patients were also studied, two of whom had been recruited in an extension of this study until September 2004; the two others had not been included in our previous report because they had no adverse prognostic factors of the age-adjusted IPI.
Inclusion criteria were age under 80 years, a centrally reviewed diagnosis of DLBCL, measurable disease, ECOG performance status of 0 to 2, and availability of paraffin-embedded tissue for immunohistochemical analysis. Patients with central nervous system involvement, positive human immunodeficiency serology, concomitant or previous cancer (except carcinoma in situ of the cervix), or any serious concomitant disease contraindicating chemotherapy were not included.
According to the declaration of Helsinski, the protocol was approved by our Institutional Review Board and all patients gave written informed consent. The study was sponsored by the Délégation à la Recherche Clinique of the Assistance Publique -Hôpitaux de Paris.
Pretreatment evaluation and follow-up
Before treatment, all patients were evaluated by physical examination, complete blood counts, routine chemistry including measurement of lactate dehydrogenase (LDH) levels, computed tomographic scan of the thorax, abdomen and pelvis, and bone marrow biopsy. Restaging was performed after the first two and four cycles of induction, at the end of treatment, then every 6 months for 2 years, and then yearly. Responses were classified according to the International Workshop criteria. 21 Additionally, all patients underwent whole-body 18 FDG-PET examination before starting treatment and after the first two chemotherapy cycles (see section 18 , n=10) regimens. Thirty-three patients (41%) received consolidative HDT after having reached CR, the others received CHOP-based or ACBVP-type 3 sequential consolidation. Consolidative HDT was given to younger patients with two or three age-adjusted IPI factors at diagnosis, 3, 4 within or outside protocols (n=28), and to patients with one age-adjusted IPI factor and high Bcl-2 expression within the LNH98-2 GELA protocol. 22 Thirty-seven patients (46%) received rituximab as a part of their treatment. Clinicians taking care of patients were blinded to the results of early 18 FDG-PET and treatment decisions were taken only on the basis of conventionnal staging methods.
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Modalities of 18 FDG-PET image acquisition were as previously described. 15 Images were interpreted by a consensus of two experienced observers blinded to clinical and radiological data. All foci of abnormal FDG uptake were scored for their extent and intensity using a three-point scale (1=low, 2=moderate, 3=high) within each lymphatic area, organ, and skeletal region. Then, each postchemotherapy scan was scored as negative or positive. Negative was defined as having no residual abnormal uptake or as having a unique residual site (with an extent score of 1 associated with an intensity score of 1), while all the other previously hyper-metabolic sites were extinguished. This approach was successfully used by Mikhaeel and co-workers in a previous study. 23 Positive was defined as having at least one residual site (with an extent score of 1) associated with an intensity score of 2 or 3, or as having two or more residual sites with any score of extent and intensity.
Immunohistochemical studies
All immunohistochemical studies were performed in the same laboratory under standardized conditions. Deparaffinized tissue sections were immunostained with antibodies including CD10 (56C6, Novocastra, Newcastle, UK), Bcl-2 (clone 124), Bcl-6 (P1F6) and MUM1/IRF4 (MUM1p) (DakoCytomation, Glostrup, Denmark) using an indirect immunoperoxidase method with a manual technique (Bcl-2, CD10) or an automated immunostainer (Ventana medical systems, Tucson, AZ, USA) (Bcl-6, MUM1). Antigen retrieval involved microwave heating pretreatment with three cycles of 5 minutes in 0.01M citrate buffer, pH 7.6 for Bcl-2, CD10 and Bcl-6 or in EDTA buffer pH 9 for MUM1. Positivity was rated independently by two observers (PG, JD) and discordant cases were resolved by review on a multiheaded microscope. We used the thresholds of 50% positive cells for Bcl-2 and 30% for CD10, Bcl-6 and MUM1. 12, 24 Cases without any internal positive control were scored as not informative for the corresponding antibody. Patients were classified as having GC or nGC disease following the algorithm of Hans et al. (Figure 1A ).
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Statistical methods
Patients' characteristics and response rates were compared using the χ 2 test. Overall survival (OS) was calculated from the date of enrolment to death from any cause or last follow-up. Event-free survival (EFS) was calculated from the date of enrollment to disease progression, relapse, death from any cause or last follow-up. 21 Survival curves were estimated using the method of Kaplan-Meier and compared using the log-rank test. 25 Multivariate analysis was performed with a Cox proportional-hazards regression model with EFS as the dependent variable. 26 Differences between the results of comparative tests were considered statistically significant at a two-sided p<0.05. All statistical analyses were performed using Statistical Application System software (SAS, version 9, SAS Institute, Cary, NC, USA).
Results
Demographic and pretreatment characteristics are shown in Table 1 . The median age was 52 years (26 -79) , and the male/female ratio was 1.72. Patients were mostly young (72% under 60) with a good performance status (72%). Nevertheless, 58% were in the high or intermediate-high IPI risk groups, essentially because of advanced disease stage (90% stages III -IV) and high LDH level (62%). Diagnoses had been made on nodal (n=45), extranodal (n=25) or mediastinal (n=11) specimens. Bcl-2 immunostaining gave interpretable results in 80/81 (99%), CD10 in 76/81 (94%), Bcl-6 in 74/81 (91%), and MUM1 in 73/81 (90%) cases. Thus, 91% of patients could be classified as having a GC or nGC phenotypic profile. Bcl-2 was positive in 42/80 (53%), CD10 in 27/76 (36%), Bcl-6 in 43/74 (58%) and MUM1 in 33/73 (45%) of cases. Thirtyeight patients (51%) were in the GC group, and 36 (49%) in the nGC group. Characteristics at diagnosis were signif- icantly different between GC and nGC cases only in terms of bone marrow involvement (17% of GC versus 39% of nGC cases, p=0.04) and presence of more than one extranodal disease site (45% of GC versus 72% of nGC cases, p=0.02). The site of biopsy (nodal, extranodal or mediastinal -GC: 50/36/14% versus nGC: 54/31/15%, p=0.56), and the proportion of Bcl-2 immunoreactive cases (50% in GC versus 52% in nGC, p=0.92) were equally distributed between the two groups. Of note, the proportion of patients receiving rituximab and/or frontline HDT did not differ significantly between the GC and nGC groups. On 18 FDG-PET after two cycles, 49/81 (60%) patients were negative and 32/81 (40%) positive. Initial disease characteristics were not distributed in a statistically significant different manner between the early PET-positive and -negative cases. Furthermore, there was no significant difference in the proportion of GC cases or Bcl-2 immunoreactive cases between the two categories.
Three patients were not evaluated after the first four courses of chemotherapy (induction treatment) because of early death or disease progression. According to conventional staging methods, 62/78 (79%) patients were in complete remission (CR) or CR-unconfirmed (CRu), 9/78 (11%) were in partial remission (PR), and 7/78 (9%) had stable or progressive disease following induction. Treatment had to be interrupted following induction because of death or toxicity in four cases. At the end of the complete treatment procedure, 61/74 (82%) patients were in CR or CRu (including four patients who had converted from PR to CR or CRu), one patient was in persistent PR, and five patients had progressive disease after having shown an initial response.
With a median follow-up of 33 months, estimated 3-year OS and EFS rates of the entire population were 75% and 67%, respectively. Patients with a high-intermediate/high IPI score (3-5 factors) had a 3-year EFS of 52%, as opposed to 72% among the patients with a low-intermediate/low score (0-2 factors) (p=0.09). Three-year EFS was 61% and 73% in the Bcl-2-positive and negative groups, respectively (p=0.08). Survival did not differ according to the results of CD10, Bcl-6 or MUM1 immunostaining, and, most importantly, we did not observe any prognostic influence of the GC versus nGC profile ( Figure 1B ): 3-year EFS was 72% in the GC group and 64% in the nGC one (p=0.65). With a longer median follow-up (33 months versus 24 months), we confirmed our findings regarding the prognostic value of early 18 FDG-PET scan: the 3-year EFS was 46% in the PET-positive group and 80% in the PETnegative group (p=0.0003). Three-year OS was 90% in the PET-negative group versus 52% in the PET-positive group (p<0.0001).
In a subgroup analysis, we evaluated the prognostic influence of early 18 FDG-PET findings and GC versus nGC profile in the following populations: higher and lower-risk patients according to the IPI, patients who had or had not received rituximab, patients who had or had not received HDT. The predictive value of early 18 FDG-PET results was observed in every analyzed subgroup, as was the absence of predictive value of the immunophenotypic GC versus nGC profile (data not shown). When excluding the group of patients in whom the diagnosis had been made on a mediastinal biopsy (which might not be only comprised of cases of primary mediastinal DLBCL), Bcl-2 positivity and GC status did not significantly predict 3-year EFS: 54% versus 74% (p=0.08) for Bcl2 and 72% versus 58% (p=0.39) for GC status. Early PET negativity was still highly predictive of outcome: 3 year EFS was 81% versus 36% in positive cases (p<0.0001).
The IPI risk groups, the results of Bcl-2 immunostaining and the results of early-PET were entered in a Cox proportional hazards model. A positive early PET was the only factor significantly associated with EFS, with a relative risk of 3.55 (p=0.0014).
Although the early PET results performed well as a prognostic predictor, 20% of the early PET-negative patients still relapse. It would be interresting to identify potential prognostic parameters within this subgroup. In this regard, Bcl-2 status and GC/nGC phenotype did not show predictive power in our series: among early PETnegative patients with interpretable Bcl-2 status (n=47), Bcl-2 positive patients (n=23) had a 77% 3-year EFS versus 87% in negative cases (n=24) (p=0.12). In this same group, GC patients had a 3-year EFS of 86% versus 78% in nGC cases (p=0.63). Likewise, no differences were observed according to Bcl-2 or GC/nGC status in the early PET positive group.
Discussion
As more and more options are made available for the treatment of DLBCL, risk stratification becomes an increasingly important issue in patient management. The actual IPI-based stratification strategy only enables suboptimal separation of patients: the differences in long-term EFS predicted by the different IPI risk categories are of a magnitude of 10%, and the low/intermediate and intermediate/high categories identify patients with similar long-term event-free survivals. 2 We applied two innovative risk-stratification approaches to a series of DLBCL patients with heterogeneous presentations (nodal, extranodal or primary mediastinal), and treatments, fairly closely reflecting patients seeen in our everyday practice. The series was mainly composed of younger patients with high-risk disease (as determined by the IPI), who are the best candidates for innovative first-line treatment approaches, and thus for optimal risk stratification. Both methods have been recently introduced, and are thus currently undergoing active evaluation. Each method would potentially affect therapeutic decisions at different time points, as one delivers information at diagnosis, and the other only after a few cycles of therapy.
The large majority (91%) of patients could be classified as having GC or nGC disease using the algorithm of Hans, and 51% were in the GC group. We found that multiple extranodal disease sites and bone marrow involvement were more frequent in nGC cases. To the best of our knowledge, such differences in disease presentation according to phenotypic (or genotypic) profile have not been reported previously. In this series, the phenotypic profile had no impact on prognosis, although the 8% difference in EFS observed between the GC and nGC groups may suggest a trend favoring the GC subgroup. This is concordant with results observed by other investigators in the setting of first-line treatment, 10, 13 as well as in relapsed/refractory disease, 14 but appears to contradict the results of others. 9, 11, 12 The reasons for these discrepancies remain to be understood. We did not confirm the findings of Fields et al. 20 who observed an impressive difference in EFS between Bcl2-positive and negative cases within their small population of interim PET-negative patients. This might be due to differences between the two studies, in particular regarding treatment. Another explanation, among several, is that interpretation of immunostaining patterns is prone to interobserver and inter-institutional variations, as has recently been shown for MUM1. 27 In addition, our study was based on consecutively recruited patients with heterogeneous clinical presentations, and included patients with mediastinal lymphoma who likely belong to molecularly distinct entity. 28, 29 Almost half of the patients in this series received rituximab as part of their treatment. The addition of rituximab to multiagent chemotherapy has been shown to erase the predictive value of known prognostic markers, namely Bcl-2 and Bcl-6 expression. 24, 30 This difference from other series homogeneously treated with chemotherapy only should be taken into account. Importantly, the original observation that GC and nGC cases (as determined by gene expression profiling) had different outcomes originates from series of patients treated without rituximab. 7, 8 The use of first-line HDT could have further modified the predictive value of individual prognostic markers. Interestingly, in our series, early 18 FDG-PET scanning predicted survival in both the groups treated with and without rituximab or HDT. Some patients (n=14) received their treatment within the GELA 98-B2 protocol, in which patients with one adverse factor of the age-adjusted IPI with Bcl-2 expression received consolidative HDT in order to try to overcome the poor prognosis associated with Bcl-2 expression. Such an approach might have contributed to the lack of predictive value of Bcl-2 expression in the present series, but the low number of patients (n=5) potentially represents only a minimal bias.
With a longer follow-up of our previously published series, 15 we confirmed the prognostic value of early 18 FDG-PET scan results: 3-year EFS was 46% in the PETpositive group and 80% in the PET-negative group (p=0.0003).
In view of the conflicting results presented here and elsewhere, [9] [10] [11] [12] [13] [14] we believe that GC/nGC phenotype should be further evaluated in large and homogeneously treated series of patients before it can be widely applied for stratification of patients. Definitive knowledge on its potential value will need ongoing efforts in the field of technique standardization. 27, 31 The strong prognostic impact of early PET, as shown again here warrants prospective trials evaluating the impact of stratification through early 18 FDG-PET used to propose a risk-adapted treatment approach in DLBCL.
